In order to meet the ever-increasing demand for high-strength, lightweight aerospace structures, a new material is created via combination of three prior innovations: sandwich configurations, composites, and the addition of carbon nanotubes. A theoretical sandwich panel is created using facesheets of a novel woven microfibre composite reinforced by carbon nanotube forests, as created by Vinod P. Veedu, et. al., in "Multifunctional Composites Using Reinforced Laminae with Carbon-Nanotube Forests" (Nature Materials). 
= sandwich panel width C 1 = 0.048; a constant used for weight-optimization formulae and found via tabulated values [7] E mn = Young's modulus in the "m-n" direction G mn = shear modulus in the "m-n" direction h c = thickness of the core t f = thickness of one facesheet
I. Introduction
HE development of new material technologies has often been driven by the needs of the aerospace industry, with its increasing demands for high-strength, fatigue-resistant structures that are able to withstand the rigors of air and space flight while still maximizing the thrust-to-weight ratio of the resulting vehicles. These demands have led to a variety of materials which are developed for and begin use primarily in air-and space-craft. In the past 50 years, perhaps the most notable of such materials have been sandwich plates, three-dimensional (or woven) composites, and the more recent discovery of carbon nanotubes. Although these materials have made significant separate contributions to material technology, it has been in combination that all of these materials have achieved their greatest impact and flexibility of usage. For example, one of the most promising uses of carbon nanotubes has been as an additive to the epoxy matrix of composite plates or films, where they have been shown to increase the elastic modulus of the composite nearly 100% over a traditional composite [1] . One of the main issues found in this use, however, has been a lack of appreciable load transfer between the epoxy matrix and the embedded nanotubes due to insufficient bonding [2] . Any deficiencies in bonding are further complicated by the added failure mode of nanotube pull-out, wherein the nanotubes fully disengage from the epoxy due to insufficient bonding between the two. Frankland and Harik have shown that a single nanotube will begin sliding (leading to pullout as load increases) at an applied load of approximately 0.1 nN per nanotube [3] . Once pullout occurs any strength increase due to the nanotubes is then lost. Finally, if the nanotubes are not evenly dispersed and aligned within the composite, the maximum benefit to the composite's elastic properties cannot be achieved. Variations in this alignment with respect to the applied load have a profoundly negative effect the overall composite stiffness, as noted by Lusti and Gusev [4] . Unfortunately, however, even dispersion and alignment of nanotubes in a polymer matrix is inhibited by the nanotubes' own self-attraction and propensity to form bundles. Accordingly, matrix bonding, dispersion, and alignment represent the three main challenges to nanocomposites today.
Drawing on the above-mentioned and other past studies, this paper proposes to extend the proven history of material integration by combining not two, but all three of the above mentioned innovations, while at the same time mitigating the issues found in the experimental use of nanotube-enhanced composites. An analysis is performed of a theoretical sandwich plate consisting of two identical composite faceplates surrounding a foam core (see Fig. 1 ).
The composite faceplates themselves consist of woven silicon carbide (SiC) microfibres, bisphenol epoxy, and multi-wall carbon nanotubes (MWNT) which are grown directly on the fibers, aligned normal to the fiber direction (as created by Veedu, et. al. [5] ). Such a nanotube configuration has become known as a "nanotube forest". The addition of the nanotubes in a forest configuration greatly enhances the strength and vibratory properties of the composite, and this improvement is further enhanced by its use in a sandwich panel construction. This configuration also addresses the deficiencies found in traditional nanotube composites: since the nanotubes are grown on SiC fibers, their adhesion is much better than has been typically seen between nanotubes and epoxies. Also, since the nanotubes are grown in a "forest" configuration, they are prealigned in the optimal arrangement to resist lateral loading.
Analysis of the simply supported sandwich plate under uniform, lateral loading was performed using a higherorder finite element method developed by Oskooei and Hansen [6] . This analysis has demonstrated the superior qualities of the nanotube-enhanced sandwich panel over a similar sandwich panel containing the same woven composite, but without the addition of nanotubes. The enhanced, weight-optimized panel exhibits significantly less stress for the same load and is capable of withstanding markedly greater load prior to reaching failure (defined as reaching the maximum strength of the facesheets). The maximum displacement under the same load is likewise reduced. Finally, it was noted that the deflection of the sandwich panel was sensitive to small changes in the T Figure 1 . Proposed sandwich panel facesheets' overall Poisson's ratio. This is most easily accomplished by a change in the epoxy used to construct the composite facesheets, as it does not affect the growth of the nanotubes and makes up 54% percent of the composite by volume. Small increases in the epoxy's Poisson's ratio results in a small but appreciable decrease in stress and displacement for the same load. It is the author's aim to therefore demonstrate, based on the results of this thesis and the extremely light weight of the nanotubes, that the use of this newly-created nanotube composite in a sandwich panel configuration provides the greatest strength benefit for a nearly imperceptible weight change. This would make such a panel an ideal material for use in aerospace structures, as it would result in air-and space-craft capable of withstanding high stresses without affecting the fuel consumption or other engine requirements. As manufacturing technology for nanotubes advances, it may also become a more widespread material for use in commercial and athletic applications.
II. Method of Analysis
A higher-order finite element method was detailed by S. Oskooei and J.S. Hansen in 1999 [6] and is useful for direct calculation of the deflections and stresses in sandwich panels of varying constructions undergoing static or dynamic, uniform or concentrated loads. This general-use model was employed in the current analysis. The selection of this method was based primarily on its ability to directly produce the stresses experienced by all nodes in the sandwich plate. As a secondary benefit, this method is particularly effective for use in sandwich panels containing foam cores. While most traditional panels and thus, aircraft, contain honeycomb cores, a foam core was selected for use in this study. The reasons for this selection were twofold: firstly, foam cores, while initially believed to be weaker than honeycomb, have more recently been shown to adequately withstand the loads experienced by flight vehicles [7] . Foam cores are significantly lighter, cheaper, and more easily molded than metal honeycomb, and therefore have become more common in modern aerospace constructions. Secondly, a foam core presents an interesting option, in the instance of this particular nanocomposite, for further resistance to peeling loads between the facesheets and the core. This option is discussed in more detail in Section V. It was not exercised in the current paper due to a lack of available data on its effects. Use of the Hansen / Oskooei higher-order method in this paper, however, ensures that the results could accurately be extended to a future study which exercised this option. For the current study, a simply-supported, uniformly loaded sandwich panel was analyzed. Oskooei and Hansen courteously provided the Fortran code, which was used to analyze and examine the displacements and stresses in subject nanocomposite sandwich panel. For comparative purposes, two specific sandwich panels were examined. The first utilizes facesheets of the woven composite enhanced with a nanotube forest, as created by Veedu, et. al. [5] .
The second contains the same woven composite minus the nanotube enhancement, also as created and studied by Veedu, et. al Both panels contain a PVC foam core as used in Thybo Thomsen's analysis of localized bending effects [8] . This particular foam was selected due to its light weight, proven use in sandwich panels, and known compatibility in the Fortran code. The sandwich panels are each exposed to five different uniform, normal loads: -100, -250, -500, -1000, and -2000 Newtons, applied to each element along the top facesheet. Both are simply-supported at the top of the lower facesheet (at the interface between the lower facesheet and the core). These are the same boundary conditions applied at the same nodes as in the original code presented by Oskooei and Hansen [6] . Due to symmetry, only one-quarter of each panel needs to be analyzed, taking advantage of the reduced solution processing time. In terms of the finite element formulation, each quarter panel is divided into 25 equivalently-sized elements arranged in a five-by-five square. It was shown by Hansen and Oskooei that such a formulation quickly and accurately converges to a solution. Each element is 0.004 m in length, resulting in a total sandwich panel measuring 40 mm by 40 mm. This size was chosen as it is the largest dimension, width-wise, of the nanocomposite created by Veedu, et. al. However, it is feasible that much larger nanocomposites, and thus sandwich panels, may be created; the authors state that the nanocomposite is quite "scalable to larger dimensions" [5] . It should be noted that the thickness of the core is different for the two types of sandwich panels analyzed, as this measurement is determined by the weight optimization and is thus dependent on the two types of facesheets' variant strengths. Further details are provided in Section III. The facesheet thickness, on the other hand, was selected to be equal for the two types of sandwich panels. This facesheet thickness was experimentally analyzed by Veedu, et. al., and the mechanical properties are therefore known only for this thickness. A model of the sandwich panel, as analyzed, is provided in Fig. 2 . The origin of the coordinate system is assumed to be at the center of the core. Due to the relatively thick core in comparison to the thin facesheets, the analysis treats the core at three-dimensional, but the facesheets as thin plates.
III. Properties of the Proposed Sandwich Panel
Various mechanical properties for the facesheets and the core were required for the analysis and were entered as inputs to the Fortran program. These required properties are outlined in Table 3 . Core properties were known based on the assumption of a PVC foam core and the use of such a material for previous studies [6] [8] . However, not all of the required facesheet properties were provided, or even measured, by Veedu, et. al. In this case, calculated estimates needed to be made based on the known or experimentally measured values for the nanocomposite components. Brief explanations are provided below describing how these properties were derived.
A. Derivation of Facesheet Primary Shear Modulus, Poisson's Ratio, and Density
These three properties were derived based on the volume fraction principle for composites [7] . The standard equation was modified for use in a nanotube-enhanced composite simply by adding in the nanotube properties and their respective volume percentage. The actual volume fractions of each constituent were calculated based on the weight fractions provided by Veedu, et. al. and the density of each constituent, found using various additional sources as listed in Table 2 . 
B. Derivation of Facesheet Secondary and Tertiary Shear Moduli
These properties are not easily determined based on the provided properties, nor without further testing of the nanotube-enhanced laminate. In these directions, however, the facesheet properties are dominated by the epoxy. This material occupies the largest percentage of the laminate volume, particularly when considering the throughthickness dimension of the facesheet. Consequently, due to the lack of complete facesheet properties in this instance, and given its apparent appropriateness, the assumption is made that the secondary and tertiary shear moduli of the facesheet are equal to the shear modulus of the bisphenol epoxy, as given in Table 2 . This shear modulus, due to isotropy of the epoxy, is equal in the primary, secondary, and tertiary directions. Thus, the secondary and tertiary shear moduli of the facesheet are equivalent as well.
C. Derivation of Core Primary, Secondary, and Tertiary Shear Moduli
While not provided in the existing studies by Oskooei and Thomsen, these properties may be calculated in the same manner as the microfibre primary shear modulus, as the uniform foam core is also assumed to be isotropic. This calculation is based on the Young's modulus and Poisson's ratio of the PVC foam as given by Thomsen and shown in Table 3 . Due to the aforementioned isotropy of the material, this calculated value is also equivalent to the secondary and tertiary shear moduli as shown in the table.
D. Derivation of Core and Facesheet Thicknesses for Nanotube-Enhanced and Non-Enhanced Panels
Unlike the assumption made for the facesheets, the thickness of the core, and thus of the overall sandwich panel itself, varies between the two types of panels studied. This variation arises as a consequence of the desire for a weight-optimized design, which is in turn influenced by the increased strength of the nanotube-enhanced facesheets. The two types of sandwich panels may be sized via the following formula, used to weight-optimize a sandwich panel subjected to a uniform lateral pressure and derived from Vinson [7] : In order to determine the actual weight-optimized values of the core thickness and facesheet thickness, this equation was minimized with respect to a series of constraints. These constraints derive from the integrity of the sandwich panel required in order to avoid failure when loaded laterally, and may be divided into three categories: core shear instability, facesheet wrinkling, and overall buckling. The two types of sandwich panels, when sized by weight-optimization, must be able to withstand failure in each of these modes. Furthermore, the facesheets must be sized as a multiple of the combined thickness of the microfibre, epoxy, and nanotubes. In order to meet these constraints, the weight-optimization formula was minimized with respect to the first two failure modes and the minimum available facesheet thickness. The result was then checked against the third failure mode to ensure overall sandwich panel buckling will not occur. The constraints resulting from the first two failure modes, along with the minimum facesheet thickness, are shown in Fig. 3 . In summary, once weight-optimized, both the enhanced and non-enhanced panels have a facesheet thickness of Once the weight-optimized core and facesheet thicknesses had been determined, these dimensions were checked against the overall buckling critical stress to ensure the sandwich panels would not fail under in-plane loading via the third failure mode. The results were found to be satisfactory. The final sandwich panel dimensions, therefore, are as listed in Table 3 . 
IV. Results
After the complete set of properties for the two types of sandwich panels were defined, they were then used to analyze the sandwich panels using the Fortran code provided by Oskooei and Hansen [6] . The Fortran code produces as output the x, y, and z directions and the maximum compressive and tensile stresses in the panel. A secondary analysis was then performed to determine the impact of the facesheet Poisson's ratio on the sandwich panel integrity, as this parameter is easily altered via the use of a different epoxy in the facesheets. The analysis of the nanotube-enhanced panel with a uniform load of -2000 N was repeated while varying the facesheet Poisson's ratio from 0.31 (the current value) to 0.34 (the proposed value). The results were compared on the basis of the maximum z-direction displacement and the maximum compressive and tensile stresses in the panel. Fig. 4 and 5 graphically show the maximum deflection in the positive x and negative y directions of the two sandwich panels when subjected to the aforementioned series of uniform loads. While the enhanced panel exhibited reduced deflection in all directions when compared to the non-enhanced panel, these two directions demonstrated the greatest benefit from the addition of the nanotubes. It is the author's belief that this is due to the fact that only one-quarter of the panel was analyzed, thus requiring symmetry boundary conditions in the positive x and negative y directions. A linear curve fit was performed for each data series and is displayed on the plots for ease of comparison. As expected, the deflection of the sandwich panels in these directions, as in all directions, is directly proportional to the applied uniform pressure in the negative z direction. The superior performance of the enhanced panel is directly attributed to the increased Young's modulus of the nanotube-enhanced facesheets, which is in turn due to the high Young's modulus of the added nanotubes. As the degree of applied load increases, the difference in deflection between the two panels likewise increases. Therefore, the use of nanotubes in creating the composite facesheet will provide the greatest benefit at higher loads. The results show that, while the enhanced sandwich panel does exhibit significantly reduced deflection in the direction of the applied load, an even greater advantage is gained in lateral stability, particularly at higher load values. Similar to the difference in deflection, the compressive and tensile stresses in the enhanced sandwich panel are significantly less than in the non-enhanced panel, both in the facesheets as well as in the core. Fig. 6 and 7 display the relationship between applied load and the maximum tensile and compressive stresses for the enhanced and nonenhanced sandwich panels. These figures clearly demonstrate a marked improvement in the nanotube-enhanced panel; this difference is more pronounced in the case of compressive stress, and is due to the additional load resistance provided by alignment of the nanotube forest in the direction of the applied load. Furthermore, as load increases, the difference between the two panels increases proportionally. The equations resulting from a linear curve fit to the data are displayed in the figures. In order to provide a quantitative comparison between the enhanced and non-enhanced panels, these linear equations were used to calculate the estimated load required to reach maximum facesheet strength (Table 1) . By extrapolation, the maximum load to meet the maximum tensile stress for the enhanced panel is 1.10 x 10 6 N, and for the non-enhanced panel is 4.06 x 10 5 N. This is 2.71-fold increase, versus the 2.42-fold increase in the flexural strength for the two panels. The maximum load to meet the maximum compressive stress for the enhanced panel is 1.27 x 10 6 N, and for the non-enhanced panel is 4.02 x 10 5 N. This is a 3.16-fold increase, versus the 2.42-fold increase in the flexural strength for the two panels. These calculated loads are the estimated maximum uniform loads that the plates can withstand. The 2.71-fold and 3.16-fold values represent the increase in allowable load due to nanotubes. 9.320000E-03
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Integration While the nodal location of the maximum compressive stress is the same between the enhanced and nonenhanced sandwich panels, it must be noted that the nodal location of the maximum tensile stress differs between the two panels. This difference is due to tensile stress concentrations along the x and y simply-supported edges; as shown in contour stress plots. An example is provided in Fig. 8 . These concentrations are due to the restriction of the nodes along these axes in order to achieve the simply supported boundary conditions, and are evident only in the enhanced sandwich panel. While the nonenhanced panel has identical boundary conditions, and therefore the same restricted nodes, the stress concentrations are not present due to the significantly thinner core used for the non-enhanced panel. This thinner core is the result of the weight-optimization. The enhanced sandwich panel has a core nearly four times as thick, placing the enhanced panel in the realm of a thick plate and leading to the growth of the stress concentrations. On the other hand, the non-enhanced sandwich panel remains in the realm of the thin plate and does not experience stress concentrations. A comparison of the x direction stress at the same node of the enhanced and non-enhanced sandwich panels reveals an even greater reduction in stress for the enhanced panel. Using the x direction stress at the center node of the bottom of the lower facesheet, an extrapolation estimates the maximum load to meet the maximum stress in the enhanced panel is 1.74 x 10 6 N, and in the non-enhanced panel is 4.06 x 10 5 N. This is 4.28-fold increase, versus the 2.42-fold increase for the flexural strength and the previous 2.71-fold increase when comparing maximum tensile stress. Using the x direction stress at the center node of the top of the upper facesheet, an extrapolation estimates the maximum load to meet the maximum stress in the enhanced panel is 2.14 x 10 6 N, and in the non-enhanced panel is 4.31 x 10 5 N. This is 4.96-fold increase, versus the 2.42-fold increase for the flexural strength and the previous 3.16-fold increase when comparing maximum compressive stress. Thus, if weight optimization of the sandwich panel was not required, it is expected that the use of a thinner core in the enhanced panel would yield an even greater benefit over the non-enhanced panel, as it would eliminate the tensile stress concentrations along the x and y axes.
Finally, the proposed change in the facesheet Poisson's ratio may be accomplished via the use of a different matrix to create the composite facesheets. Aside from bisphenol A as currently used in this analysis, bisphenol F is another epoxy commonly used in the construction of composites, particularly those containing nanotubes. When combined with epichlorohydrin and cured with TETA [12] , the epoxy Poisson's ratio is 0.42, considerably larger than the ratio of the epoxy used in the analysis of the enhanced and non-enhanced sandwich panels. If this new epoxy was instead used in creating the facesheets, the volume fraction equation per Section III.A yields a resulting facesheet Poisson's ratio of 0.34 for the enhanced panel. Though this new value is only 0.03 larger than the current value of 0.31, it was found to have a noticeable effect on sandwich panel deflection. To quantify the extent that the sandwich panel is affected by this change, the analysis of the nanotube-enhanced sandwich panel was repeated with a facesheet Poisson's ratio of 0.32, 0.33, and 0.34. The maximum z-direction displacement, tensile stress, and compressive stress were analyzed at -2000 N and -5000 N uniform loading. The increased -5000 N value was chosen to demonstrate the effect of increased Poisson's ratio at higher loads. The results for the -5000 N loading are provided graphically in Figures 9 through 11 , as the Poisson's ratio versus the maximum z-direction displacement of the sandwich panel, and versus the maximum compressive and tensile stresses in the panel. The plots reveal the expected linear relationship between Poisson's ratio and displacement / stress. In all cases the use of a higher Poisson's ratio results in less deflection for the same applied load. While the maximum compressive stress is likewise decreased at higher ratios, the tensile stress increases as the Poisson's ratio increases. However, the degree of decrease in compressive stress is considerably greater than the degree of increase in tensile stress. As can be seen in the -5000 N plots, these effects are more pronounced at higher loads. In this case, a change in facesheet Poisson's ratio from 0.31 to 0.34 results in a 2.5% decrease in compressive stress versus only a 0.7% increase in tensile stress (and a 0.7% decrease in displacement). It cannot therefore be definitely stated that the use of a different epoxy in the facesheets would be universally beneficial. Depending on the magnitude of the load applied and the tolerance for increased tensile stresses, the use of a different epoxy with a higher Poisson's ratio may be desirable in some cases. Particularly at higher loadings, a higher Poisson's ratio would yield greater benefit in terms of decreased compressive stress and displacement, provided the panel can withstand additional tension. 
V. Conclusions
The comparative analysis of a theoretical sandwich panel containing facesheets enhanced with nanotube forests against a similar sandwich panel without nanotubes clearly demonstrates the advantages of such a configuration under an applied uniform load. The displacements in all directions, and the tensile and compressive stresses within the panel, are considerably reduced when the nanotube forest is incorporated. Furthermore, this improvement is greater than the maximum strength improvement measured by Veedu, et. al. for the nanotubeenhanced facesheet alone.
The x / y displacement is most affected by the addition of nanotubes in the positive x and negative y deflection directions, where the slope of the displacement versus load line is one-half that of the non-enhanced panel. The z direction deflection is also significantly affected by the use of the nanotube forest, where the slope of the enhanced panel line is 1.25 times the non-enhanced panel slope. In all cases the enhanced panel is stiffer, i.e. demonstrates noticeably less displacement under the same load, and this difference becomes more pronounced as the applied load increases.
The difference in the maximum tensile and compressive stress between the nanotube-enhanced and nonenhanced panels also increases along with the amount of applied load. The greatest benefit is seen for compressive stress, where the maximum stress at maximum facesheet strength in the enhanced panel is 3.16 times the nonenhanced panel. A side-by-side analysis of the stress at the same node in the enhanced and non-enhanced panels reveals an even greater improvement; the estimated stress at maximum facesheet strength in the enhanced panel is nearly 5 times less than the stress in the non-enhanced panel at this node. Overall, similar to the displacement analysis, in all cases the enhanced panel demonstrates less stress under the same applied load.
A study of the effect of the facesheet Poisson's ratio indicates an area of further improvement and even greater reduction in displacement and stress in the nanotube-enhanced panel. When constructing the facesheets, the use of an epoxy with a higher Poisson's ratio results in a higher overall facesheet Poisson's ratio as well. This higher ratio has more of an impact as the applied load increases, and is significantly more effective in reducing compressive stress in the panel. The relatively small reduction in stress and displacement is not of particular importance for the current study, as the maximum applied load of -2000 N does not bring the sandwich panel close to failure. However, if stress reduction is required or high load levels are expected, the use of an epoxy with a Poisson's ratio on the order of 0.42 or higher may be desirable to thus gain the advantages of a higher facesheet Poisson's ratio.
The results of this paper could easily be extended to future studies, particularly to examine the feasibility of constructing an actual sandwich panel containing nanotube forests, and the testing of such a panel to facilitate a comparison with these analytical results. Furthermore, a thorough examination of the effects of in-plane loads and all three of the associated failure modes (facesheet wrinkling, core shear, and overall panel buckling) is required, along with a vibratory analysis. The current theoretical sandwich panel itself may also be improved in various ways, aside from the use of a higher Poisson's ratio. The use of nanotube forests, not only within the facesheets, but also in the interface between the facesheets and the core, may provide considerable increase in core / facesheet bonding and prevention of failure by facesheet wrinkling. The use of a foam core provides a significant advantage in this case, as it creates a uniform surface for acceptance of the interfacial nanotubes. Also, the use of different core materials other than foam, such as an aluminum honeycomb, may further reduce the stress and displacement of the panel under various load conditions. In summary, the results and analyses contained herein demonstrate great promise for the use of sandwich panels enhanced with nanotube forests as an extremely strong, lightweight, and stress-resistant aerospace material. This panel represents a marriage between the history of sandwich panels as used in air-and space-craft as well as the more recent use of nanotubes as a high-strength reinforcement in composites. It serves as another potential advance in materials science made possible by nanotechnology.
